and SrYb[Si 4Àx Al x O x N 7Àx ], with the c axis being the most compressible axis. In all of the investigated compounds the bulk compressibility is dominated by the compression behaviour of the tetrahedral network, while the size of the substituted cation plays a minor role.
Introduction
Nitridosilicates and oxonitridoaluminosilicates are of considerable interest as inorganic materials for high-performance applications owing to their high mechanical hardness and strength, their exceptional thermal and chemical stability and their low density compared with metals (Lauterbach et al., 2000; Schnick et al., 1999; Schnick, 1993) . The use of these materials has been reported in different fields and applications, from the production of cutting tools to water-lubricated ceramic tribocomponents with a high potential for engineering applications such as journal bearings, mechanical face seals for pumps and high-pressure fuel injection pumps (Haviar et al., 1997; Amutha Rani et al., 2005; Hä ntsche & Spicher, 2005) .
In comparison with oxosilicates, where Si is fourfold-or sixfold-coordinated by O atoms, in nitridosilicates the Si is surrounded by N atoms, forming SiN 4 tetrahedra or SiN 6 octahedra. A further partial substitution of Si by Al leads to the oxonitridoaluminosilicates ('sialons'; Schnick, 2001 ). The first sialons were synthesized by the reaction of Si 3 N 4 and Al 2 O 3 and these compounds were called -or -sialons because of their structural similarity to -or -Si 3 N 4 , respectively (Jack & Wilson, 1972) .
The MYb[Si 4Àx Al x O x N 7Àx ] (x = 2; M = Sr, Ba; henceforth abbreviated as SrYb-and BaYb-sialon, respectively) compounds are isotypic with the SrYb[Si 4 N 7 ] nitridosilicate, which crystallizes in the space group P6 3 mc (No. 186) with unit-cell parameters a = 5.9880 (3), c = 9.7499 (9) Å , V = 302.76 (2) Å 3 and Z = 2 (Huppertz & Schnick, 1997a (h.c.p.) , where the B layers are occupied by 2/3 in the AB stacking sequence. The tetrahedral voids are occupied by Si atoms in alternating layers having 3/8 and 1/8 occupancies (Fig. 1) . Hence, sheets consisting of cornerconnected three-membered rings of SiN 4 tetrahedra are formed perpendicular to the c axis (Fig. 1a) . These layers are corner-connected along [001] via further SiN 4 tetrahedra situated in the less-occupied (1/8) layers (Fig. 1b) . The apex N atoms of these tetrahedra are coordinated by four silicon atoms, forming N [4] bridges. In the less-occupied layers, Si 6 N 6 rings form channels which contain the M 2+ and Yb 3+ cations (Fig. 1b) . The M 2+ and Yb 3+ ions are found in anticuboctahedral and octahedral coordination, respectively. Alternatively, the structure can be described by star-shaped [N(SiN 3 ) 4 ] building blocks (Fig. 1c) , where the central N [4] atoms simultaneously bridge four Si tetrahedral centres. These building blocks are connected through common N [2] (Winkler et al., 2001; . No further high-pressure data on nitridosilicates and related compounds are known by the authors.
In this study we present results from in situ high-pressure Xray powder diffraction of one nitridosilicate (SrYb[Si 4 Huppertz & Schnick (1997a) . SrYb-sialon and BaYb-sialon were synthesized by high-temperature reaction in a radio-frequency furnace following the procedure described by Schnick et al. (1999) . Chemical analysis was performed by electron microprobe analysis and a detailed description is given by Lieb (2006) and Lieb et al. (2005) .
X-ray powder diffraction measurements
The SrYb[Si 4 N 7 ], SrYb-and BaYb-sialon powder samples were investigated at the ESRF at high pressures of up to 41, 42 and 37 GPa, respectively, using a LeToullec diamond-anvil cell with a gas-driven membrane for pressure generation (LeToullec et al., 1988) . Neon was loaded as the pressuretransmitting medium using an autoclave. Additionally, SrYbsialon data up to 13 GPa were collected with nitrogen as the pressure-transmitting medium. Holes serving as sample chambers (approximately 150 mm in diameter) were drilled through inconel gaskets (pre-indented to a thickness of about 40 mm) using a spark-eroding drilling machine. Before and after each exposure, pressure was determined by the laserinduced ruby-fluorescence technique, applying the pressure scale of Mao et al. (1978) . In situ high-pressure synchrotron X-ray powder diffraction data were collected at the ID9A high-pressure station at a wavelength of 0.4183 Å using a MAR345 online image-plate scanner. The sample-to-detector distance of 364 mm was determined from a Si reference sample. Diffraction data were collected at up to about 2 = 24 giving a maximum sin / of 0.498 Å
À1
. The diffraction images were processed and integrated using FIT2D (Hammersley et al., 1996) . Intense and well defined single-crystal diffraction spots from individual larger grains of the sample, from the crystallized pressure medium, the diamonds and the rubies were masked manually and excluded from the integration. The integrated powder diffraction patterns were corrected for distortion by the image-plate scanner and the background was extracted using the program DATLAB (Syassen, 2005) . Le Bail fits were performed using the program FULLPROF (Rodriguez-Carvajal, 2001 ) in order to obtain unit-cell parameters. As the SrYb-and BaYb-sialon compounds are isotypic with SrYb[Si 4 N 7 ], the starting parameters were taken from structural data published by Huppertz & Schnick (1997a) . A linear interpolation between approximately 35 manually selected points for the background and a pseudo-Voigt profile function were used.
Equation-of-state (EOS) parameters of SrYb[Si 4 N 7 ], SrYband BaYb-sialon were determined by a least-squares fit of a third-order Birch-Murnaghan EOS (BM-EOS) using the program EOS-FIT (Angel, 1998) . The volume at ambient pressure, V 0 , the isothermal bulk modulus, B 0 , and the first pressure derivative of the bulk modulus, B 0 , were varied in the fit. All SrYb-sialon data were fitted by one EOS independent of the pressure-transmitting media used (Ne, N 2 ).
Results
Representative examples of the Le Bail fits at low and high pressure and their respective difference plots are shown in Tables 1, 2 Table 4 .
Bulk compressibility
The pressure dependence of the normalized volume (V/V 0 ) is plotted in Fig. 3 . In order to make complex trends visible, which are not directly apparent from a p-V plot (Fig. 3) , the volume-pressure data were transformed into an f-F, i.e. Eulerian strain versus normalized stress, plot (Angel, 2000) . For a Birch-Murnaghan EOS the Eulerian strain is given by f = 0.5[(V 0 /V) 2/3 À 1] and the normalized stress is defined as
]. The f-F plot gives a direct indication of the compression behaviour. If the data points lie on a horizontal line of constant F then B 0 = 4 and the data can be fitted with a second-order BM-EOS. If the data lie on an inclined straight line, the data will be adequately described by a third-order BM-EOS. Positive or negative slopes imply B 0 > 4 and B 0 < 4, respectively. In all of the cases the intercept on the F axis is the value of B 0 (Angel, 2000) . The f-F plots of SrYb[Si 4 N 7 ], SrYband BaYb-sialon are shown in Fig. 4 . The positive slopes in all data sets indicate that the pressure derivative of the bulk modulus is larger than 4, which implies that the use of a thirdorder BM-EOS is preferable to less complex functions.
While the slope of the BaYb-sialon p-V data appears similar to that of SrYb[Si 4 N 7 ] and SrYb-sialon in Fig. 4 , the refined B 0 values are slightly different (Table 4) . As can be seen in Fig. 4 , the linear behaviour of the BaYb-sialon data becomes strongly non-linear at Eulerian strain values larger than around 0.045, which correspond to pressures higher than 30 GPa. Fitting a third-order BM-EOS to the BaYb-sialon data up to 30 GPa results in V 0 = 317. Table 4 ]. Further studies are needed in order to clarify the origin of the non-linear behaviour above 30 GPa.
Linear compressibility
The pressure dependences of the normalized cell parameters (a/a 0 and c/c 0 ) and the axial ratios c/a of SrYbSi 4 N 7 , SrYb-and BaYb-sialon are plotted in Figs. 5 and 6, respectively. The compression of the a and c lattice parameters of BaYb-sialon is the same within error to the highest pressures studied (Figs. 5c and 6) . A linear fit to the c/a data gives c/a = 1.62818 (6)-2 (5) Â 10 À5 p, where p is in GPa. Consequently, within the resolution of the experiment there is no p-dependence of the c/a ratio in BaYb-sialon, but there may be a deviation from this behaviour above 35 GPa. To clarify this, further experiments at higher pressures are required. For SrYb [Si 4 N 7 ] the linear compressibilities are equal, within errors, up to $ 10 GPa (Figs. 5a and 6 ). Above 10 GPa the caxis becomes progressively more compressible. This beha- Pressure dependence of the unit-cell parameters of BaYb-sialon, space group P6 3 mc. Pressure dependence of the unit-cell parameters of SrYb-sialon, space group P6 3 mc.
Pressure transmitting medium Ne 0.0001 6.0420 (1) 9.820 (2) 310.5 (1) 0.57 (1) 6.034 (1) 9.807 (3) 309.2 (1) 4.10 (2) 5.992 (1) 9.731 (2) 302.5 (1) 6.68 (6) 5.965 (1) 9.671 (2) 298.06 (9) 9.38 (4) 5.938 (1) 9.627 (2) 293.94 (9) 11.07 (3) 5.921 (1) (7) viour, i.e. an increasing compressibility of the clattice parameter relative to the a-lattice parameter with increasing pressure, is even more pronounced in SrYb-sialon (Figs. 5b and 6 ). The variation of SrYb[Si 4 N 7 ] and SrYb-sialon c/a data can be described by the polynomial equations c/a = À5 Â 10 À6 (6) p 2 À 1 Â 10 À4 (3) p + 1.62900 (4) and c/a = À4.5 Â 10 À6 (8) p 2 À 3 Â 10 À4 (3) p + 1.6255 (1), respectively (Fig. 6) .
The linear incompressibilities (B 0a , B 0c ) of SrYb[Si 4 N 7 ], SrYb-and BaYb-sialon were obtained from a third-order BM-EOS fit to the pressure dependencies of the cube of the individual cell axes (Table 4 ). The Eulerian finite-strain analysis can be extended to obtain the compression behaviour of the a and c axes. Kruger et al. (1997) defined the strain parameters f a and f c for the a and c directions as well as the corresponding normalized pressures F a and F c in the following way:
, where f v is the Eulerian volume strain. The linear incompressibilities provide a quantitative measure of the degree to which the compression is isotropic. They are related to the hexagonal bulk modulus by 1/ B 0 = 2/B 0a + 1/B 0c . The f a -F a and f c -F c plots are shown in Fig. 7 .
The compressibility of the a-axis is similar for all of these compounds and is represented by a positive slope in the f a -F a plots. Contrary, the c-axes compress differently as can be seen in Fig. 7 and Table 4 . Similar to the p-V data, the f a -F a and f c -F c plots of BaYb-sialon become strongly non-linear at Eulerian strain values higher than around 0.045, which correspond to pressures higher than 30 GPa. tetrahedral network substitution has a larger effect on compressibility than the Ba/Sr substitution, which shows that the overall compressibility is not dominated by the size of the substituted cations but by the compression of the tetrahedral network.
Discussion
The values for B 0 and B 0 obtained in this work are of a comparable magnitude with those found in the structurally related nitridocarbidosilicates M 2 [Si 4 N 6 C] (M = Ho, Er) with B 0 equal to 162 (2) and 163 (4) GPa, respectively . The nitridocarbidosilicates exhibit C [4] links comparable with the N [4] [4] links in the crystal structure but only O [2] and N [2] links, are much more compressible, with B 0 = 131.9 (3), 131 (2), 124 (5) and 153 (10) GPa for the low-and high-pressure polymorph, respectively (Winkler et al., 2001; . Hence, the presence of N [4] or C [4] links decreases the compound's compressibility compared with compounds that only show O [2] and N [2] links, because the star-like [A(SiN 3 ) 4 ] (A = N, C) units generate a stiff three-dimensional framework. This can further explain the unusually high stability of these silicates at pressures up to at least 42 GPa. No O [4] links are known as yet, which prevents a direct comparison between the compressibilities of the title compound with related oxosilicates, as these are strongly varying with the crystal structure.
The axial compressibility indicates that, at least for SrYb [Si 4 N 7 ] and SrYb-sialon, the c-axis becomes more compressible than the a-axis with increasing pressure. This behaviour can be related to the occurrence of layers of cornersharing SiN 4 tetrahedra, which are arranged perpendicular to the c axis (Fig. 1) . Thus, the structure is relatively stiff within the strongly connected layers owing to the repulsive forces of ions that become stronger at decreasing distances. The cornersharing SiN 4 tetrahedra that join the layers along the c axis In contrast to SrYb[Si 4 N 7 ] and SrYb-sialon, in BaYb-sialon the compression of the a-and c-lattice parameters is almost equal. This could be due to the Sr 2+ /Ba 2+ substitution. Since the exchanged ions have bigger ionic radii, the polyhedral arrangement becomes less stiff, hence allowing more compression within the (001) layers. The onset of nonlinear behaviour observed around 30 GPa might be the beginning of a similar behaviour to that observed in SrYb[Si 4 N 7 ] and SrYbsialon where the c-lattice parameter is more compressible than the a-axis parameters.
In summary, this study presents the first experimentally determined compressibilities of a nitridosilicate, SrYb[Si 4 N 7 ], and of two oxonitridoaluminosilicates, MYb[Si 4Àx Al x O x N 7Àx ], x = 2 and M = Sr, Ba. Further experiments at even higher pressures are needed in order to clarify whether the deviations from the low-pressure behaviour are indicative of an approach to the limit of phase stability. Higher resolution or singlecrystal experiments, or parameter-free modelling studies are required to determine the compression mechanism. Such studies are currently underway by our group and, in conjunction with the present study, will serve as a basis for the understanding of the pressure dependence of the structureproperty relationships of this class of compounds.
